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TINENICAL NOTE 2402

COIKYIHJCTIONAND USE OF CHARTS IN DESIGN STUDIES OF GAS TURBINES

By Sumner Alpert and Rose M. Litmenta

A method is presented for the computation and gaphic representa-
tion of a series of possible turbine designs for any specific applica-
tion. The use of a prel~nary design chart is suggested for deter-
mining the nurikr of stages and the effects of exit whirl and ahnuJ_sr-
area divergence on possible configurations. A specific design chart
can then be made to aid h the study of the relations between turbine
radius ratio, diameter, and significant design parameters such as Mach
numbers, turning angles, and blade root stresses.

INTRODUCTION

In designing turbines for aircraft engines, it is desirable to
obtain units having high reliability, J3ght weightj low frontal area,
simplicity, and high efficiency. Because the number of variables
invol..edin designing turbines is large and the relations among them
are complex, determination of the best design compromisesmay beccme
quite involved. A method of computation and gxapbic presentation of
a series of possible turbine designs for any specific application is
presented herein to aid in detemrimlnn these compromises.

UsuaHy the first step in a design study is to obtain an estimate
of the number of stages required, the type of velocity diagram to be
used, and the need for annulam flow-area divergence. A pre~
design chart is suggested for this purpose. Such a chrt indicates
whether a single-stage turbine will-do the job with any specified
centrifugal stress at the blade root, Mach number, and size limitations
that may be hnposed. The prel~n chart also indicates the effedw
of exit whirl and smnular flow-area divergence. If a single-stage
turbine is inadequate, each stage of a multistage unit can be checked
against the design 13mMations so that an estimate can be made of the
nuikr of stages required.

With the information obtained frm the preltiary chart, a spe-
cific design chart can be made for each stage of the required turbine.
The specific design chart presents the parameters that describe the
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flow within the stage in terms of velocities and flow angles and relates
these parameters to design variables such as size, radius ratio, cen-
trifugal stress at the blade root, rotative speed, and specific weight
flow. This chart contains sufficient information for fixing the
~ions of the unit.

The results obtainedby the methods given in this report shouldbe
considered as preMmimry in natme because of the simpMf@ng assump-
tions that are used. These results serve to e13adnate sxeas in which
design limitations cannot be satisfied and indicate the potits for
which final analyses should yield suitable designs.

ANALYSIS

Assumptions● - The follxing assumptions are made herein: (1) one-
tiensional flow occus with no radial components, (2) all.losses take
place ti the rotor, and (3) a constant value of the ratio of specific
heats exists.

It is assumed that there are no radial or circumferentialv=ia-
tions h one-dimensionalflow. The value of the specific weight flow
at one radius is considered to be representative of the values over the
entire blade height. The effects of radial variations can be estimated
from the charts for some types of design, specifically where constant
specific work over the blade height is used. The asmmption of no
radial components reqties that the flow entering a row of blades at
any ftied radius leave that row at the same radius. The assumptions
do not preclude the use of an anmdar-srea convergence or divergence.

Most turbime stators have convergent flow passages with favorable
pressure gadients; therefwe, the flow coefficient is usually very
close to 1.0 and the assumption that all losses occur in the rotor
should not introduce appreciable errors. Boundary-layer accumulations
can be taken into account by means of area changes to
expected blockage. An efficiency value for the rotor
assumed.

Radial shifts in weight flow, stator losses, and
variation of the value of the ratio of specific heats
sidered in the final design analysis.

Parameters. - The quantities retied to fix the
consist bf (1) gas weig~t flow, (2) IILadevelocity or

compensate for
pocess is

the appropriate
should be con-

turbine design
rotative speed,

(3) inlet total-temperatie and pressure, and (4) required work output.
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The form in which these quantities are used should be dependent on
the specific application. Where the values of the cpantities listed are
fixed, the charts indicate possible configurations that could do the
reqtied job. If, however, it is desired to conduct the design studies
of the turbine with consideration of possible variations of these
quantities, the charts can be adapted to relate turbine paramet=s to
corresponding parameters describing the driven component. For

qle~ where the t~bfie ~ to be cqled ~ a ccqressor, as in a
turbojet engine, it is convenient to relate the parameters to the com-
pressor, in that compressor designs usually tend to 13mit the range
of possible turbine configurations. For such an application, the gas
weight flow would be considered eqyal to the compressor ah weight fluw
ma a useful parameter would be gas weight flow corrected to compressor
inlet conditions. The rotative speed of the turbine is rekted to that
of the c~ressorj therefme, the compressor-tip speed could be used
as a variable and the turbine speed may be expressed as a function of
the ratio of the diameters of the two components.

Significant parameters that describe a design are the
velocities and the angles comprising the velocity diagram. Specifi-
cally, for evaluation of designs, rotcx-inlet and -outlet relative
velocities and the stage exit velocity and flow angle sre important.
Velocity is usually given as a Mach nuniberin studies of compressible-
flow phenomena; in this report, however, velocity is expressed as a
critical velocity ratio V/au where au is the critical so~c speed,

a function of the stagnation temperature, and is defined as

.

(1)

(All symbols used in this report are defined in appendix A. The
notation is illustrated in fig. 1.)

The critical velocity ratio will have a value of 1.0 when the
velocity is such that the Mach numb= is equal to 1.0. For higher or
lower velocities, the critical velocity ratio will differ somewhat from
the Mach nunber. The relation between Mach nunber and critical velocity
ratio is presented in reference 1 (equation (43)). A plot of Mach num-
ber against critical velocity ratio for a ratio of specific heats Y of
1.30 is presented in figure 2.

The specific weight-flow psmameter used

Pvx
~ = @~aa

is defined as

(2)

.

.- .—— —— .- .—..
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The annular-flow srea A is defined as

[01
2

‘h
AT21-7=m

T

‘Ibbine-stress ldmits must be considered in
designs. The stress parsmeter, a measure of the
the blade root, can be expressed as

CJ

[u]

%2 ‘h 2
—=2g144 1- ~T%

where u is the centr~l stress at the blade
tor, and ~ the density of the blade material.
equation is presented in reference 2.

(3)

the evaluation of
centrifugal stress at

(4)

root, T the taper fac-
The derivation of this

By combining equations (3) sad (4) and using the relation
UT = ~, it can be shown that

u 02 A
— = 2Ylg144T%

(5)

Thus, for constant rotative speed, the centrifugal stress is propor-
tional to the annular-flow area. By substituting equations (1), (3),
and (4) and the equation of state into equation (2), the folLowing
equation is obtained:

1
+

Pvx w % (%)2(T’) [1
z

R(T+l) 1—=—
p’am YtrT2 m p’ m

(6)
W$

An adjusted specific weight-flow parameter F results if each of
the quantities in equation (6) is

From equations (6) and (7)

divided

2

()
‘T
moo

pvx
K -
P‘acr

by a representative value.

1
z()%*

— —— ———— .

(7)

(8)

.
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where the constant K is a function of
values ti equation (7). For T= 1.30

y, R, and the
and R = 53.3,

5

representative

64.29 pVx
F=

p ‘am

~ the t~ UT, T’, P’, ~) and U/T h the psrameter F have

the numerical values appearing in the denominator of their respective
ratios, the entire parameter wouldbe eqqal to the weight flow per unit
turbine frontal area.

The terms of equation (7) that define the psrameter F can be
rearranged to suit specific applications. The form of equation (7) has
been found useful in the study of turbimes for turbojet engines. For
other arrangements, the blade-speed and radius twins can be conibtued
into an angular-velocity expression, the weight flow can be corrected
to compressor-inlet conditions, the pressure can be expressed in terms
of a compressor-pressureratio, and so forth.

The adjust’edweight-flow parsmeter F is used in the construction
of the prelfin design chart h=ein, and the specific weight-flow
parameter pVJp ‘am is used h the construction of the specific

design Charte

The specific work parameter E is defined as

E = J.Ah’
acrz

where acr is based on the inlet total temperature’.
strated that across a single stage

(9)

It can be demon-

(10)

Working eg,,tions. - In addition to the preceding equations, the
following are perlxhent working equations used in this report:

From the isentropic-flow re~tion a,ndthe general energy equation

1

—___ —-. . ..—
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The specific weight-fluw parameter (equation (2)) csm abo be written
1

It is obvious that

and that

A ylot of the relation of equation (11)
figure 3. This plot, referred to as a “flow

to (13)

*

(11)

(lz)

(I-3)

is presented in
chsmt”, presents the

specific weight-flw” parameter plotted against the &r~tical velocity
ratio V/aW with lines of constant axial and tangential components

and flow angle m. A large wacking plot of figure 3 for T = 1.30 is
inserted in the back of this report.

The assumption of isentiopic flow in the stator results b the
folhwing rehiions:

The continuity

PI

q ‘ = T21 thus aCr,l = %,2

PI t = p2’ and pl’ = p2’
}

equation through a turbine stage may

L@ Al.= P2 ‘X,2 % = P3 ‘X,3%

When the parsmehx F defined in eqpations (7) and
the followtng equation is obtahed:

(14)

be written

(8) is used,

—.

‘2 % P1’acr,l——
F1 Al = P2’acr,2

—_____ _
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From equation (14),

FIAl = F#2 (15)

snd fm constant area,

‘1 = F2

Application of the psrameter F to the contfiuity condition across
the rotor yields the following result:

Generalization of equation (16) yields

Eqyation (17) may also be written

Adiabatic efficiency is defined as

‘-rr)1-’+
PI

(16)

(17)

(17a)

(la)

By rearranging terms in equation (18) and introducing the value
of E as &f-d in eqpation (9) and the relations described by equa-
tion (14), it can be shown that

&~=[*-
(la)

——..—. __— —_ _. ___ ——-— —.— .
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Similsrly,

1
F 1

acr,3 =
a a:;= &J= E- 2 &)@.jra
Cr,2

Generalization

A plot of this
in figure 4.

Ecom egyations

of equation (20) yields

NACA TN 2402

(20)

(21)

function for values of T = 1.40 and 1.30 a~ears

(16), (19), (20) and the equation of state

w 1

F3 A3 P2‘am)z

‘p3i&3 [*]%&)@.,J’ (22) (

Pl%r,l =
F2A2=p’a

3 cr,3
9

A plot of this relation for values of the adiabatic efficiency o
of 0.90 and 0.85 and for y of 1.30 and 1.40 appears in figure 5.

For any value of the tmgential component, there exists a ma@nmm
value of the specific weight-flow psrsmeter (see fig. 3). This rela-
tion can be found by taking the partial derivative d eqmtion (11) with
respect to the -al component V~aa and settimg it equal to zero.

The axial component of the critical velocity ratio for this condition
is

tion

v=

[
—=l -acr

By us- the relation between

(29)) it can be shown that

At this point, the passage

1

aaudam (reference 1, equa-

(23)

this condition corresponds to

Vx. a (24)

is said to be choked.

is
1-
2

—
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The following equation is obtained by substituting equation (23)
into equation (XL):

1 1

}

q

(25)

A plot of this relation for y = 1.30 appears in figure 6.

Required velocities are found by solving the right-triangle rela-
tions involved in the velocity diagram (fig. 1). In computing the rOtOr

inlet relative velocity, and its expression as a critical velocity
ratio, the value of the critical sonic speed should be based on the
relative stagnation temperature.

The static temperature at any station may be written in terms of
relative stagnation teqerature and relative velocity or in terms of
absolute stagnation temperature and velocity:

‘T=T” W2 T, #
-~= -~

By use of this relation
ical sonic speed to the

and equation (1), the ratio of relative crit-
absolute value at any station is found to be

1

a“cc’

From the velocity tiwam (fig. l(b))
1

S@stitution of equation (27) into eqution (26) yields

1

a“
—=
acr

(26)

(27)

(28)

.— -_ —
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The purpose of theprelltdnary design chart is to aid in the
delamination of the number of stages that till be required and to
demonstrate the imfluence of exit whirl and annular-area divergence
on possible designs.

Description

A typical prelln design chert is shown in figme 7(a). The
chart consists of two partsj the left side is a plot of the parameter F
against the tangential component of the critical velodt y ratio Vu/am

with llnes of constant adal coqonent of the critical velocity ratio
V~aW. This section of the chart is plotted by use of eqyations (8)

alla(n). Lines of constant flow angle a are determined by use of
eqpation (X5). An extension of the * for negative values of the
tangential component can be added. For that region, the flow angle
would be greater than 90°. Such an extension would be perfectly sym-
metrical with the region of positive tangential componentj it is there-
fcme omitted. H negative values are desired, the supplements of the
flow angles that appear on the plot must be used. The left portion of
the preUminary design charts thus ap@ies to any station between blade
rows in a turbine.

A line of maximum value of the ordinate can be drawn as an envelope
to the curves. This he, shown as the dashed curve on figure 7(a),
can be computed from equations (8) and (25). All physically possible
points ti~ Me below the envelope. The pcnrtionof the supersonic
domaim with axial components of the critical velocity ratio great= than
1.0 are omitted for clarity.

The right side of the prellnary design chart is a plot based on
equation (22), which relates the values of the paramster F before and
aft= the rotor in terms of the spectfic work parameter E for a con-
stant area configuration and an assigned value of the adiabatic
efficiency.

The charts presented in figure 7 were constructed for a ratio of
specific heats of 1.30 and an adiabatic efficiency of 0.90.

Applications

The starting point in any analysis depends upon the factors that
are assigned or 13mited.

——— .
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Single-stage turbine with za.o exit wh3rl. - For a design ha-
exit whirl, the flow at the exi~ of the rotor corresponds to a

u“u
point on the left ordinate where — = O. For a typical case in

acr 3
which sufficient information is supplied to define the parameter F
at the inlet to the turbine, it can ftist be assumed that the annular-
flow area across the stator is constant, and F1 = F2. For the

assigned blade speed, inlet total t~erature, and reqyired specific
work, equation (10) can be solved for the tangential component at sta-
tion 2, vu,2/%r, 1“ The values of F2 and Vu,~aU,l define a

point on the left side of the preMmimmydesi~ chsrt (fig. 7). By
using the right side and the assigned value of E, the value of F3
can be found for any assigned area ratio A3/A2. This application is

illustrated in the following example:

Illustrative example I - Zel?o--t-whirl design. - For this prob-
lem, the following assumptions were made:

(a) Weight flow per unit turbine fron$al area, 20 pounds per sec-— —
ond per square foot

(b)

(c)

(d)

(e)

(f)

(f3)

Reqpired specific

Maxhm tolerable

Taper factor, 1.0

work p~ ter, 0.0140

stress, 40,000 pounds per square inch

Blade d.eIISity,500 pOUIldS p= ClibiC fOOt

Turbine-inlet total temperature, 2500° R

Turbine-@et total pressure, 5J20 pounds per sqwe foot—
absolute

(h) Tip speed, 1000 feet p= second

Assignment of the parameters in this fashion is representative of
a turbine design fa jet-en@ne application, where the air weight fluw

per unit frontal area and tip-speed values are based on compressor
limitations. E it is assumed that the compressor and the turbine have
the same tip diameter or any assigned ratio of diameters, the conditions
specified for the compressor inlet can be readily reduced to corre-
sponding values at the turbine inlet.

. . ...— ___ — .— —-—
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H it is assumed that Al = ~ under the given conditions, F2

can be computed from equation (7). For this example, it will be found
that

‘2=20m%%=
1

(L#(,.,.f~ = 20.5 (1.b/(see)(sq ft))

The foUmw5ng is obtained by using equation (1) and the given
inlet total temperature and blade speed

% 1ooo
— = ~ = 0.454
acr,1

vu,2 vu,3When equation (10) is solved for — with — = o,
acr,1 acr,3

%,2 = 32.2 X 0.0140 = o 993
0.454

.
acr,l

With these values of F, ~ %, 2/%, l) the point on the pre-

33minn design chart correspondingto station 2 can be located. This
example is worked out on the prelimi nary deSigll chart shown in fig-
ure 7(b); the lines of constant angles and’the envelope have been
mitted for clarity. ‘l?hevalue of F3 for constant A can be found

by drawing a horizontal line from the value of F2 into tie right
section of the plot to the value of E = 0.0140. F3 can be read on

the abscissa or ~aphically transf~ed back to the left side of the
figure by meaIYEof the reflect@ Mne that appears on the right side
of the prelln design chsrt. The point correspondingto rotor-
exit conditions is designated as station 3 on figure 7(b). The exit
critical velocity ratio is about 0.68. If that value is thought to be
high, it can be reduced by a tiwrgence of the annular-flow sxea to
gi~e-the desired exit-velocityratio. For example, if
is desired, the exit flow will.be represented by petit
ure 7(b). The area divergence c= be reatily computed
of the values of F as

%,a ‘3 35.2 ~ ~.07——
q = F3,a = 32.9

a value of 0.60
3(a) on fig-
from the ratio

The tiaease in area for constant rotative speed results in a stress
increape as shown by equation (5). The new value is 40,000X1.07 or
42,800 pounds per square inch.

.——
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The rotor-inlet critical velocity ratio can be obtained from its
components by means of equation (12)

1— 1

=LO.61O)2+(O.993FJ =1.1,

ity
and

By meam of equation (27),
ratio can be found from the
the blade-speed ratio as

the rotor-inlet relative critical veloc-
lnmwn *al and tangential components

1

‘2
[ I

Tz— = (0.610)2 + (0.993 - 0.454)2 = 0.814
%)2

This value can be corrected for the value of the re~tive critical.
sonic speed by use of equation (26).

‘2 W2 acr,2 0.814==
a“

~ = 0.852
a a“

cr,2 Cr,2 c??,2

{[1-o.130 (l.16)2-
}

(0.814)~ Z

Single-stage turbine with exit whirl. - As a shI’_WW point it is

destiable to specify maximum tolerable exit conditions for configura-
tions with exit whirl. These conditions can be specified in terms of
exit axial component Vx,~aU,3 and the flow angle ~. As was pre-

viously mentioned, for negative tangential components, the flow angle
will be the supplment of the value shown on the chart. The cen-
trifugal stress at the blade root based on the exit conditions can be
computed. !lhepoint corresponding to station 3 can be located and
then the conditions at station 2 can be found by drawing a horizontal
line to the reflecting Lime, a vertical line down to the line corre-
sponding to the desired specific work psrameter E, and then a hor-
izontal line to the value of the inlet tangential ccW?on~t Vu,2/aW, 1>

cr,3/%r 1 ‘fwhich can be found from eqyation (10). The ratio a

equation (10) can be comptied from equation (20) or read fr& figwre 4.

The effect of mea divergence through the rotor can be studied by
adjusting the ratio F3/F2 in accordance with equation (16).

Illustrative example II - Etit--l ~S@C - H the v~ue of the
rotor Net relative velocity found for example I is considered to be

—---- ..— —. . .—— ..— —
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too high, a reduction can be obtained by use of exit whirl. A design
is stied in this example for wuch the rotor-tit axial component is
Limited to a value of 0.60 with an exit angle ~ of 120° in which

case the tangential component will be negative. The supplement of the
angle is 60° and the point corresponding to these exit conditions has
been msrked as station 3 on figure 7(c). The value of F3 can be

read as 30.8. Under the turline-inlet conditions given in example I,
F2 is equal to 20.5; and for E = 0.0140, the exit F based on con-
stant area was eqyal to 35.2. In order to get the value of F at the
=t down to 30.8, an axea divergence of 35.2/30.8 or 1.14 will be
required with a resultimg stress of 45J600 pounds p= sq~e inch. The
@t tangential component Vu,3/aa, s is 0.35 (fig. 7(c)) and the

required tangential component at station 2 can be found ‘byuse of a
form of egyation (10):

vu,2 32.2 X 0.0140—=
%?, 2 0.454

The values of F2 and %,2/%r, 2

msrked station 2. For this point,

- 0.35 X 0.940 = 0.664

locate the point on figure 7(c)

the rotor inlet relAtive critical
velocity ratio W2[ancr,2 i; fo&d to be 0.485, a considerablereduc-

tion over example I.

Multistage applications. - Prellnary design charts can be used
in determng the nuniberof stages to be used in the design of multi-
stage turbines. The last stage of such a machine usually has the
highest stress; it is therefme suggested that the possible design
range of that stage be considered ftist.

The prel.ary desiga charts handle one stage at a time, and the
parameters involved are based on conditions at the inlet to that stage.
The over-all specific work must equal the sum of the stage outputs.
Because the specific work psramet= is based on the inlet temperature
of each stage, the following equation must hold:

‘ljn = ‘1,3 +

The last term

(29)

of equation (29) can also be written

.

E
l-l
N

. —— .. .
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u 2

E
acr,n-2

n-2,n a
Cr,1

The specific weight-flow
shown by equation (17):

w

parameters between stages are related as

-L U,&~x=P’na*, n
(17)

The right side of equation (17) is a function of .l,n (see equ-

tion (22)). The exit conditions can thus be computed for any assumed
area ratio and turbine efficiency for Jmown turbine-inlet conditions.
With 13miting values of the exit velocity set, the required area clianges
can be computed. The point that corresponds to such tit conditions cm
be located on the prelln design charts, and conditions at the inlet
to the stage can be obtained by working backwards on the chart. For
such an analysis, the spectiic-work output across the stage must be
considered variable. For an assumed value of ~-2,n, the stage may

be studied by use of equation (lo). The value of U/aCr.n-2 may be
.

computed from the known tiet conditions by setting

The ratio am, dam, n may be evaluated from the

(30)

Imown value of

‘l)n and aCr,d“acr,n-2 -from the assigned value of En_2 n.
Y

When a design has been found such that the size, stress, and crit-
ical velocity ratios are satisfactory, the value of E for the stage
iS fixed. By subtracting that value from the over-all specific work
and making an adjuslanentfor the inlet-total-temperaturechanges, the
remaining specific work can be computed from

(31)

The process outliaed can be repeated for other stages.

Illustrative example III - Multistage-twbine design. - For this
example, the folhwing assumptions were made:

—.— .— .—
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Spectiic work parameter, 0.0314

Max5mum tolerable stress, 30,OCQ pounds per square inch

Taper factor, 1.0

Blade density, 500 pouni& per CUbiC fOOt

Turbine-inlet total temperature, 2500° R

Turbine-inlet pressure, 23,000 pounds per square foot absolute

Msxhnum tip speed, 1000 feet per secc&3

The specific weight flow is considered variable. If it is desired to
have the last stage operate with zero @t whirl and a maximum critical
velocity ratio of 0.6, the petit representtig the exit flow can be
located on the prelimhary design chart. This example is illustrated
h figure 7(d), wke the exit point is marked as station n. The value
of Fn is equal to 32.8. For a const=t-area design, the value of F
at the inlet to the turbine can be found from the right side of the
preliminary design chart for the assigned value of E or cantputedfrom
equation (22); for this problem, the computed value of F is 8.52. For
this value of F and other assigned factors, the weight flow per tur-
bine frontal unit srea can be found frcm equation (7) to be 28.0 pounds
per second per square foot.

In considering the last stage only, and startiq with the exit
Point, a trial value of %-2,= = 0.015 is assumed.

in tip diameter, the blade speed based on conditions
the stage cm be found from eqyation (30) and by use
tion (21) or figure 4.

With no increase

at the inlet to
of either equa-

acr,n-2

The required tangential
a form of egyation (10).

u
()

lopo 0.935
‘ 22-00 mm “ 0“495

component at station n-1 can be found from

v
u, n-1 32.2 X 0.015 = o 976=
acr,n-l 0.495 .

This point is designated as station n-1 in figure 7(d). The value
of Fn-l is equal to 18.2. Velocity diagrams ca be ccmptea. for this

desi~. The remining specific work can be found frcnnequation (31)

.
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‘1,n-2 = 0.0314 - 0.o15 -
.

A one-stage design with exit whirl will be

The tolerable exit tangential component Wll be

= 0.01J38

sought for this value.
set such that the flow

angle ~ ecpals 120°. For this value, the tangential component is
negative and a eqpals 60° (the s~plement of the desired value) will
be used on the prelhinn design chart. Also, the at axial component
of the critical velocity ratio will,be limited to 0.60. The design of
this stage is illustrated in figure 7(e), where the @t point is
station 3. The values of F3 @ vu,3/%r, 3 sre 30.9 and 0.35,

respectively. By working backwards with the value of El,s egyal
to 0.0188, the value of F2 iS found to be 14.5. ~ the tip qeed

of the first stage is assumed equal to the tip speed of the second and
equation (10) is solved with the use of figure 4, the required value
of the inlet tangential component is obtained:

vu,2 = 32.2 X 0.0188

%,1 0.454
- 0.35 x 0.917 = 1.01

This point is marked as station 2 in figure 7(e). The velocity

diagrsms can be computed for that design. If this one-stage design is
not satisfactory, a two-stage configurationmight be tried so that an
over-all three-stage turbine would result. &lt~native~, a re~sign
of the last stage might be considered in light of the study of the
ftist stage. When satisfactory velocity diagams have been obtained,
the ratio of the values of the parameter F3 actually used to the
values reqyired by equation (17) will indicate tbe required annulsr-
area divergence. h the illwtrative example just warked, the value
of F3 required by eqpation (17) is 18.2, but the flow at station 3

is set such that the value of F3 actually used is 30.9. In order
to obtain this condition, the area of the first stage must be reduced
by the ratio 18.2~30.9 = 0.589 of the area of the second.stage.

In this example, a constant tip diameter and therefore a constant
tip speed was assumed. The designer is free, however, to specify how
the necessary area &Lvergence is to be accQn@ished.

——
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When the general type of turbine has been ftied in a manner such
as has been described in the ~eceding section, a specific design
chart can be used to aid in f- the turbine dimensions. The speci-
fic design charts must be made up imditidually for each required stage-
specific-work output. The srea ratio across the stage and the effi-
ciency must -o be lmown or assumed. Each chart also represents a
ftid- type of velocity diagram. The three types of chart-discussed in
this report are:

Type A,

Type B,

zero-exit whirl

Ftied rotor-edt
at whirl

critical velocity ratio with vsri.able

Type C, Fixed rotor-inlet relative
variable exit whirl

Description

critical velocity ratio with

.
types appear in figure 8.Representative charts for these three

The equations necessary for the construction of the charts are presented
in appendixes B to E. The main body of the chsrts is a plot of the
specific weight-flow parameter ahead of the rotor against the blade-
speed parameter. Lines of constant value of critical velocity ratios
such as rotor-inlet relative velocity, rotor-exit relative velocity,
and axial Teloci@ components are cent-ed on the plot. The impulse
Ltne, which separates the region of positive reaction from the region
of negative reaction, has been Included in the plots, as well as a
13ne for ~ equals 200. Definite envelopes exist for portions of the
curves. The equations defining these envelopes are discussed in the
appendixes. The envelopes indicate the regions on the charts in which
all the possible turbine desi@s for the assigned conditions lie. How-
ever, practical considerationsmay impose lhits which lie below the
envelopes.

~ the zero-eSt-wh3rl chart (fig. 8(a))= the ordinate is a func-
tion of the exit critical velocity ratio for any given area ratio; in
the chart for tit whirl with fixed exit velocity (fig. 8(b)), the
ordinate is a function of the exit flow angle for an assigned area
ratio. In both cases sn auxiliary scale can be plotted along the
ordinate.
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Because conditions at the blade root are generally the most criti-
cal, the abscissa for the representative figures is taken as the blade
speed at the root of the blade. For given values of the inlet total J
tempwature, the abscissa canbe related to radius ratio, tip speed,
and stress, and such a side plot can be added. i% the inlet total pres-
sure is also known, the ordinate can be related to the weight flow. In
the representative charts, the weight flow has been utilized in the form
of a weight flow corrected to compressor-inlet conditions divided by the
turbine frontal area based on tip diameter:

w~ eJ5c

YrrT2

The equations for computing the side plots are given in appendix E.
For any application, the form b which such side plots can%e most
admtageously utilized is dependent on the form in which design condi-
tions and limits are set.

Applications

The specific design charts lend themselves to several possible
applications depending on the nature of the specific problem. For

qle~ des~able pofits Cm be marked on the charts, ml values of
speed and weight flow can be computed from the abscissa and the ordi-
nate. By use of the side plots, designs for 13mit@ stresses and
desired weight flows or other cmibinatims of the parameters may be
investigated.

Estimation of radial variations in flow. - An estimate of the
velocity diagrams at other radii can be made by use of the charts for
designs having constant specific work “outputover the blade height.
For designs which also specify constant specific weight flow, the charts
will &irectly give the velocity diagams at other radii as radial
variations will occur along a line of a constant value of the mdina.te.
The abscissas of the points that correspond to flow at other radii can
be obtained from the values of the blade-speed ratio at those radii.

For other designs with constant specific-work output OV= the blade
height, only an estimate can be made. For example, for free vortex,
simple radial-egpilibrium designs, the axial components are constant
over the blade height. Lines of constant axial component at station 2
have been added in figure 8(a). The velocity diagams at other rad3i

—— —.
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can be obtatied by using the abscissas of the points that correspond to
flow at other r-i and by mov3mg along a line of constant -al com- .

ponent at station 2. It will be noted that as such radial variations
are studied on figure 8(a), the value of the exit axial critical velcwity
ratio will not rein constant as is reqtied for free-vmtex, simple
raiMal-equilibrium design because of the assumption that no radial
shifts of mass flow take place in the stage. la addition, an integra-
tion of the specific weight flow over the blade height will be in &ror
because of the one-dimensional flow assumption.

Illustrative example IV - Applications of specific design charts. -
Assume that study is reqtied of possible turbime designs for a jet-
powered airplane to fly at the following conditions:

Compressor inlet total pressure, lb/sq ft abs. . . . . . . . . . . 898
Compressor inlet total temperature, % . . . . . . . . . . . . . . 471
Compresmrp ressm?eratio .. . . . . . . . . . . . . . . . . . . . 6
Compressor enthalpy rise, Btu/W . . . . . . . . . . . . . . . . . 87.0
T$mbine inlet total temperature, % . . . . . . . . . . . . ...2500
Turbine inlet total pressure, lh/sq ft abs. . . . . . . . . . . . 5120

For these conditiom, the value d the specific wak parameter E for
the turbine is 0.0140. This value is used in constructing the represen-
tative darts (fig. 8). Constant annular area and an efficiency of
0.90 w=e assumed. The side.plot below the abscissa is computed for the ,

given turbtie inlet total temperature and an assumed blade density of
490 pounds pe Clibicfoot.

A series of possible designs will be sought that will enable
driving a compressor having a tip speed of 1065 feet per second and a
corrected weight flow per unit turbine frontal area of 30 pounds per
second per square foot. This example is illustrated in figure 9, in
which the zero-exit-whirl configurationwas used. The basic chart is
identical to that presented in figure 8(a), except that the axial-
component lines have been omitted for clarity. A line corresponding
to a tip speed of 1065 feet per second has been added to the side plot
below the abscissa. The locus of points cmmon to this speed line and
the We in the ordinate side plot, which has a value of 30 pounds per
second per square foot, are then plotted fac equal values of the radius
ratio. This 13ne is marked 1065,30 in figure 9; it represents possible
turbine designs having the ssme tip dismeter as the compressor. Pos-
sible tubine designs that have tip dismeters Larger than the compres-
sor can be similarly plotted because the corresponding turbine tip
speed will vary directly as the ratio of turbine- to caqmessor-tip
diameters, and the weight-flow t- varies inversely as the square of

.
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the ratio. Curves of turbines having tip speeds of 1200
per second.and thus weight flows of 23.6 and 17.4 pounds

J squsre foot, respectively, have been plotted on figure 9.

21

and 1400 feet
per second per
In addition,

J

tfi klnes of constant r~us ratio have been added.
$

As the 1065 he Ides outside of the envelope of the curves, no
designs canbe obtained in that region because the areas will not pass
the reqtied air weight flow. Possible designs can be studied by con-
sibring the desirable rotor inlet and exit critical velocity ratios,
stress, degree of reaction, and other factors.

If a desirable point of operation is selected that does not fall
on one of the plotted tip-speed curves, the expansion, or contraction
of the turbine dis.meterrequired can readily be found. A line of known

tip speed and weight flow
g) @~~j ‘s ‘IOtie’h fig-

ure 10. A horizontal he corresponds to constant smuulus area, a
vertical line to constant radius, and the point m to a known point on
the c~ej the reqdred values of tip speed and weight flow at point n
can be obtained by using the following equatiom:

{ (J[2
‘T,n ~= 1 ‘h

%?jm ‘T,m - ~ m 1

and

The radius ratio at point n can be determined from

(32)

(33)

(34)

-—— —- —.-—. — .—. .——
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r

A method has been presented for the computation and graphic pre-
sentation of a series of ~ossible tibine designs for any specific
application. A preliminn design chart is used to obtain an estimate
of me nuriberof stages required, the type of velocity diagram, and the
need for annular flow-area divergence. This chart is general and can
be used for a preUminary study of say aesig.

The specific design chart is constructed with the information
obtained from the prel13mhmry design chart. The mea ratio, the spe-
ctiic work, and the efficiency must be lmown or assumed before this
chart can be constructed. The specific design chart relates the flow
within the stage in terms of critical velocity ratios and flow angles
to design variables, such as size, radius ratio, centrtiugal stress,
and rotative speed. The prticipal use of the design charts is to
present the relations among the design variables in such a way as to
facilitate the Mxmnination of the best design compromises necessary
to obtain the d.estiedconfiguration.

Because of the assumptions made, the information obtained from
the chsrts should be considered as prelkhdnary h nature, and a more
accurate final design analysis should be made.

N

s
o

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

C~vehnd, ohiO, Wrch 22, 1951. ~

.

——. .
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A.PPENDDKA

sm80Ls
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E
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h

J

K

r

9!

u

w

w

.
a

The following syuibolsme used in this report:

annuler flow area, sq ft

velocity d sound.,ft/sec

work parameter, —
$#’

sec2/ft

adjusted specific weight-flow parsmeter,

(S)t~l~S(%~* , 1~/(sec)(s~

gravitational constant, 32.2 ft/sec2

specific enthalpy, Btu/1%

mechanical equivalent of heat, 778 ft-lb/Btu

constant

absolute pressure, lb/sq ft

gas constant, ft-lb/(Lb)(OR)

radius, ft

absolute temperature, ‘R

blade velocity, ft[sec

absolute velocity of gas, ft/sec

relative velocity of gas, ft~sec

weight-flow rate of gas, lb/see

flow angle of absoltie velocity measured from tangential
direction (fig. 2), deg

ft)

—.—— z-z —— —
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flow angle of relative velocity measured from tangential
direction (fig. 2), deg

ratio of specific heats

yrefix to indicate chsnge

~ressure rednction ratio, P/PO

adia%atic efficiency

temp=ature reductimratioj T/T.

gas density, lh/cu ft

density of Ii!&laematerial, lb/cu ft

centrifugal stress at blade root, lb/sq h.

taper factor, ratio & a in tapered blade to a in untapered
blade

~ Velocity, radians/see

Slibscripts:

c

Cr

h

m,n

max

T

u

x

compressor-inlet stagnaticm conditicms

critical, state at speed of sound

station at inner radius

representative points

maximum value due to choking

station at out= radius

tangential Componat

sxial Compment

1

.

.
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1,2,3 . . n staticm (fig. 1)

o NACA sea-level air

Superscripts:

*
reference line cm state

r stagnation state

n stagnatim state relative to rotw

.,

.
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APPENDIX B

CONSI!RUCKKI?YW TKPE-A SFWXIKU!

ZERO EX31CWHIKL

.

DESIGN CH&Rl!FOR

~
o

Ih order to cmstict a specific design chart for a zero-exit-whirl
ctiiguration, the req..ed specific work parameter E must be lmown.

d ~,1/P3’a~r,3 Ca beThe values of the ratios au, aa,l and ~: a

computed from the value of E by use of equatims (Zl) and (22) cm
found from figmes 4 sad 5. A range of blsd.espeeds and rotor inlet
relative velocities are assigned as critical velocity ratios in the forms

@@ and Wda” ~,2. Fm the required value of E, the inlet whirl

component csm be found from equation [10) with Vu,~am, 3 = O.

%,2 gE
—=u~
acr,l

(Bl)

The rotor inlet relative velocity referred to absolute stagnatia temp-
=ature can be cmputed from equations {28) and (Bl) as

‘2

%?, 1

1

From the trigmometry of
statim 2 is

(B2)

the velocity diagram, the absolute velocity at

[’Y+’+%’S]*
the .92&CLcmponent is

v
x.2

(B3)

(B4)

— -——
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With the known

P21P2‘ can be

.,

.

A plot Of this

absolute critical

calculated from

r

velocity ratio, the density ratio

3=P(3.
function for T = 1.30 is given in figure

specific weight-flow parameter
(PVX’P’’N)2 Cmth=be

U.. The

Coqylted.

Aflowchartfcm T = 1.30 is included at the back of this report.
This chart presents the specific weight-flow parameter as a function of
the velocity ccmponents.

The specific weight-flow p=ameter at station 3 can be found for
an assigned area ratio by mibstituting h the following form of equa-
tion (17a):

For this zero-exit-whirl case,
()
Vu/aw s = O and the exLt-velocity

ratio can be found by use of the Wge flow chart.

The exit relative velocity ratio can be computed frcnn

The value of the exit rehtive velocity ratio based on relative

stagnaticm conditicms W~a”u,s can be computed by use of equation (26).

After these components have been cmputed, the design chart can be
drawn. b order to obtain lines of constant velocity ratios not assigned
in the computatims, it will be necessary to make use of cross plots.
The exit critical velocity ratio for zero -t whirl is a function of
the specific weight-flow parameter, and an auxiliary scale of V3/am, 3

can be plotted along side the ordinate.

—— .—. . ... ——— .— . .._ ——— ..— ._
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!l?heenvelape, which indicates
compment reach3ng scmic speed) h
he found by using equation (Bl) to

NACA TN 2402

choking at station 2 (the axial
the type-A specific design chart, can
ccmpute the met tsmgential com-

pcment for a series of assigned blade speeds. The limiting specific
weight-fluw Tarameter, for the tangential compcments thus obtained, can
he computed by use of equation (25).

Choking in the annulus at the turbine exit will occur when the
exit axial ccmnxment reaches sonic sueed. Fm the zero-exit-whirl
Cmlfigwatim>
at this point.

Equations
appendix E.

-the exit critical vefocity ratio will reach a value of 1.0

for the cmstruction of the side plots are given b

.
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0

s
N

CONSTRUCTION Cl?TYPE-B SPECIFIC

ESIT CRITICAL VELOCITY RA!TIO

DESIGN CHART FOR FIXED

AND VARYING WHIRL

h mder to co~truct the+type-B specific design chart, the desired
specific work prameter E mst be lamwn, and the exit critical veloc-
ity ratio V~aa, ~ must be fixed. The ratios am, @a,l and

Pltaq can be computed for the given value of E by use of

‘-’’?’aY” ( )equaticms 21 and 22 a found frm fi~es 4 and 5.

The ranges of speeds and specific weight-flow parameters axe assumed
h the following fcams:

u

()

pvx

acr,1 ad p~am z

The flow at statim 3 is first determined. The specific weight-
flow ‘parameter cau be comptied for an assigned srea ratio by using
following form of equaticm (17a):

By use of the flow chart, the computed value of (pV<p ‘acr)~

the f-d value of V3/aw, 3Y the axial and tangential c~onents

be read.

the

can

The inlet tangential.ccapanent for the required work can be found
from the following form of equation (10):

.

‘u,2 g E VU,3 %r,3
‘~

+
acr,l %,3 %,1

In most cases, Vu,~aw,s should be negative, that is, the exit tan-

gental compcment is in a direction opposite to the direction of that
compcment at the stator exit.

.-—. .—— .- —— ---— — — — ——
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The absolute and the axial compments V~aa,l and Vx,~/:a, ~

can be obtained by use of a flow chart and the known values of

(PvJP ‘aCr)2 @ vu, JaCr,l” For each value of (pVx/p’acr)z there

11,2/a
are two values of V The higher value is used only when the

cr,1“

the axial component of the velocity is geater than sonic speed.

me relative velocity Wda=,l can be computed from equation (27).

!I!bisvalue can be corrected to relative stagnatim conditions by using
either equation (26) or {28). F%om eqmtion [27)

W3
—=
%,3 [)Vx,3 2

%,3
+ (vu,3

acr,3

u.—
‘%, 2

1

a
Zz

crJ2

%,3 )1
Angles can be c-ted fimm the trigcmmetmy of the velocity dia~ams. .

These computations supply the neede?limforwtion fcm the cmstmc-
tion of the specific design chart. h order to plot lines of ccmstant
values of ysrameters such as critical velocity ratios, however, it wilJ-
be necesssry to make use of cross plots, as ccms-t values were not
assigned in the computations.

With fixed exit critical vplocity ratio, the @t flow angle is a
function of the specific weight-flow parameter and an auxiliary scale can
be plotted on the mdinate. When desired vslues of the exit angle ~
sxe assigned, the carespon&ng value of the specific weight-flow psra-
met= at station 3 can be read frcm the flow chart m computed from

1

(is=+s(!+!’-’s”%
Values of the specific weight-flow parameter at station 2 can be

found by use of eptim {17a) and a smle for ~ - be amd a the

or~te as shown ti figure 8(1).

—
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The envelope, which indicates choking flow at the rotor Wet, for
the type-B specific design charts can be computed as follows:

The exit critical velocity ratio was fixed
ponent for the assigned exit angles a3 can be

vu 3
=

acr,3

Eaah assigaed value of ~

(PVx/P’acr)2Y which can readily

each value is considered to be a

V3
— Cos ~
%)3

and the exit-whtil com-
computed from

has a corresponding value of
be found as previously outlined. E
maximum (that is, (Vx/a)2 =1) the

corresponding tangential component can be found from figure 6. The
blade speed for that tangentid. component can be computed from the fol-
lowing form of equation (10)

u—=
acr,1

@l 3

Vu,z Vu,s acr,3
—-— —
%rjl acr,3 acr,1

The envelope, which indicates limiting flow at the rotor exit, will
depend on the assigned value of the rotor exit critical velocity ratio.
H the value is less than 1.0, limiting flow occurs when the flow is
axial. The value of the specific yeight-flow parameter for this case
(a3 = 900) can be found as previously shown.

H the value of the exit critical velocity ratio is ~eater than
1.0, choking wiJ3 occur when the axial velocity reaches sonic speed. By
means of the assigned value of (V/aw)3, equations (12) and (23) can
be solved simultaneouslyfor the velocity components (V#~r)3 and

(Vx/aa)s. The specific weight-flow parameter (pV~p’au)3 can be

found from equation (I-1). The value of (pVx/p’acr)2 for the assigned

area ratid can be found frmn equation (17a). This maximum value is the
same for all values of blade speed.

. ..— — — -— —-—
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CHART FOR FIXED RCtCOR

INLET RELATIVE CRIYICAL VIZLOCITYRATIO

AND V.G WHIRL

For the cmstructim of this type of “chart,the value of the rota
inlet relative critical velocity ratio W~a” ~, z is set and the ranges

of blade speeds U/a”~, z and rotor inlet relative sngles 92 are

assigned.

Compute

Vx 2 W2
= ,, Stn pz

a“cr,2 a cr,2

%,2 W2
=

a“
— Cos p2
a“cr,2 Cr,2

V2
—=
a“

Cr, 2 [’)VX2 2

a“
m, 2

+ (%,2

a“cr,2
+

1
22

u
a’

‘ )1Cr,2

These velocities, which have been based on relative stagnation
conditions, can now be ccmrected to abmlute st~tion conditions bY
use

The

the

of the-folhwing equation, which was derived-from equation (26) -

%r,2

{

y-l
=1-—

%,2 ~+1 1i (Dl)

values of V~aU, z, Vx,~am, z, and U/aa, z can be computed

specific weight-flow parameter (PVx/P1au) z ~ th~ be fo~d.

and
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E&m equation (17a), fm an assigned area ratio,

The tangential cmponent can be found from a form of

33

(D2)

eqmtion {10)

For the knm?n values of- (pV~p ‘am) ~ and @~acr) z, the values

of the other velocity components may he read from a flow chart (fig. 3)
and the design chart can be plotted. In order to plot Mes of cmstant
values of the parameters, it is necessary to use cross plots, because
constant values of these parameters were not assigned in the computa-
tions.

The envelope at the inlet to the rota in type-C specific design
charts will depend on the assigned value of the r@w imlet relative
critical velocity ratio. If the value of this fixed critical velocity
ratio is less than 1,.0,limiting flow will occm when the specific
weight flow (pVx/pfam) z reaches its kbniting value. This value can

be found by expressing (pV~p’aH)2 as a functian of blade speed

u/am, 1 and the tangential component of the inlet relative critical

velocity ratio (W#aa) 2. Differentiating this expression tith respect

to {W~am) z and setting the derivative equal to zero results in an

@licit relation between U/aa,l and (W~aa) z ● Theoretically,

it will be then possible to express the limiting value of (pVx/p‘am) z

as a function of blade speed U/aa, ~ alone. Practically, such an

expression for the envelope is difficult to obtain. The tie of

P2 . 90° can be used as a very close approximation to this envelope
at the inlet.

In the case where the value of the fixed rotor inlet relative
critical velocity ratio is greater than 1.0, the envelope,‘whichindi-
cates choldng at the inlet (station 2), can be found as follows:

——. — —
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By assigning values of the
tion 2 end considering these to
at which the -al cmponent is
@ ~eIltN cmponent of the
%y use M equation (25) or read
for this conditicm can be found

()[v=—= 1
acr

specific weight -flow parameter at sta-

be msdmum values [that is, the value

equell to sonic speed), the correspond-
critical velocity ratio can be found
fkma figure 6. The axial compcment
frcmIequation (23).

1
22

H]vu

acr

The absalute veloci~ ~~aw, z is the square root of the sum of

the squares of the compments. The value of the fixed rotcm imlet
relative critical velocity ratio was based on relative stagnation con-
ditions. The value can be referred to absolute stagnation conditions
by use of the following equatims:

1
—=

%,2
an
m,2

and

W2 W2
—= ti
%,2 a cr,2

1
Zz

( )W2

%r,2

()

V2 2

%,2

The relative tangential cmpment can be

a’rcr.2

acr,2

obttied frcm

.

1

.

—.——
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and the blade speed corresponding

35

to the chokhg cmtition will be

u = %,2 %,2—.—
a

acr,2
a

cr,2 Cr,2

The envelope that occurs as a result of choking in the rotor exit
occurs when the atial velocity at station 3 reaches sonic speed. This
envelope mst be determined by a trial-and-error process.\

A value of the exit tangential component Vu,#au, s is assigned

and the corresponding (pV~p ~a )Cr 3jmax
value is obtained from equa-

ticm (25) or read from figwe 6. For the assigned value of the area
ratio and the wcmk paramet=, (Pvx/P’@ 2 - be c-ted from eP-

tion (D2).

A trial-and-error process must then be used to determine the blade
speed that correspcmds to the assiaed Vu,<am,s.

The fixed inlet relative critical velocity ratio H be related to
the absolute velocity ccmrpaents by usm eqyations (27) and (28).

(ii ){W2 2 ~-~
a Cr,2

%,2
27

Cr,2

u

acr,l

2

-( )]}

u
a
Cr,l

[ VX,2)2= (’vu 2
2

\au 2) + aW,2 a~,I
-—

Y )

J

(D3)

WILthvarious values

of Vu,~aa, 3 qpaticm

By using the values

d VU, dam,l equation

of blade speed U/a~,l and the assigned vslue

(10) can be

of u/%r,}
(D3) can be

solved for Vu,~am, 1

and the correspcding values

solved for Vx,Jaw, z.

. .. —. —.— — –——
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When all the velocity c~ments at statim 2 are known, e -

rtion (U.) can be solved for (pV~p’ au) z. The values of (PV p’au) z

thus obtained can be plotted against the assigned values U/am,l. By

mesns of this curve, the blade speed that corresponds to the maximum
specific weight-fluw paramet= for the assigned Vu,3/a~, 3 can be

folma. If this max3mm value of specific weight-flaw parameter does
nd fall on the curve, choking has occurred at the rotor inlet, and no
petit can be obtained on the envelope by this method fw the assigned
value of Vu,#am, 3.

.

N

5
0

This procedme must be repeated fcm each point a the erwelope,
and a different value & Vu,<am, s must be assigned for each point.

.
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Mass-flow scale.
based on ti~ Mameter

APPEI!TOHE

CONSTRUCTION OF SIDE PIOTS

- For a given mass flow per unit frontal area

PVX A

a = llrmz
(El)

Also

*T2 = 1
A

()

(E2)

%2
l-—

rT

The following equation was obtainedby solving equation (El) for the
mass-flaw parameter, substituting eqpation (E2) into equation (El), and
aitidhg through by p’aa:

1

()rh2
l-—

rip

1
P1acr

(E3)

if
A weight flow corrected to compressor-inlet conditions canbe used

desired. Ih such a case

— —
p’am = JfrT2 2 p’aa

()

rh
1-

=

With the lmmn turbine inlet total temperature and pressure, p’au can
be computed; for a range of weight flows per unit frontal area and
radius ratios the values of the spectiic weight-flow Wameter can be
cagputed, and the side plots that appear at the left of the spec~ic
design charts can be plOtted.

.— — ————._ — —— —— -.———-—
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BMle-tip speed and stress plot. - For a given range of blade-tip
speeds and radius ratios, the value of the blade-speed parameter at the
hti can be obtained from

% .Urhl ——
acr T ‘T acr

By ustig the assigned values of stress, blade density and taper factor,
and radius ratio, eqmtion (4) can be solved for the tip speed

1

h j
5

2g 144

‘T=* #
1- ()FT

With these values the side plots that appear under the abscissa of the
specific desi~ charts can be plotted.

For multistage turbines, where each stage has the same value of E
and is of the same type, the same main plot can be used snd a separate
set of side plots must be plotted for each stage.
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Design Variables on Turbtie-Wheel Weight. NACA TN 1814, 1949.

.



*

I

I

T
TIP

1

Eub

/

/

—.

z w
J--_-

4

II

5 n-2

////l

1

(a) tkroas-sectimal ~ketch of kyp~cal turbine ehowing flow stat~ons. ‘-

Figure 1. - ~ustrations shoving notit ion USeLI,

N
a
o
N



40

u

Rl, 2
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Figure 1. -
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